th birthday.
The morphine pathway leading from the primary metabolite L-tyrosine to the secondary metabolite morphine is largely deciphered at the enzyme level. Up to now, nineteen chemical steps are involved in this transformation of an amino acid into one of the strongest analgesic compounds known. Of these steps, two chemical reactions are reported to be spontaneous, i.e. not enzyme catalyzed. Such reactions are rare in nature's pathways. One reaction is the formation of codeinone from neopinone, which has an equilibrium constant k c of 1.14 at pH 7.0 [1] . Neopinone is formed after an enzymatic catalyzed vinyl ether cleavage from thebaine, and exists in chemical equilibrium with codeinone, which is further reduced by the enzyme codeinone reductase to codeine in the presence of NADPH [1, 2] .
The second step claimed to be spontaneous in the morphine pathway is the allylic elimination at pH 8-9 of salutaridinol-7-O-acetate to yield thebaine [3] , the first morphinan alkaloid with the complete pentacyclic ring system [ Figure 1 ]. Salutaridinol- [7- 3 H]-salutaridinol-7-Oacetate to the azonine derivative ( ) and to thebaine ( ). Incubation was at 47°C for 30 min in 0.1 M buffer (citrate pH 5.0-6.0; phosphate pH 6.5-7.25; tricine / NaOH pH 7.5-8.5; borate pH 8.75-10.5). Products resolved by TLC. 100% equals radioactivity in the azonine, thebaine and at origin.
7-O-acetate is generated from salutaridinol by enzymatic stereoselective acetylation of the (7S)-alcohol group at the expense of acetyl coenzyme A. The acetylated intermediate is an obligatory precursor en route to morphine. It is an extremely unstable compound that easily hydrolyzes, is attacked by unspecific esterases and, interestingly, at pH 7.0 rearranges to the dibenz[d,f]azonine alkaloid that contains a nine-membered ring [ Figure 1 ]. Because of its instability, this acetate has not been detected yet in either the poppy plant or in opium. Episalutaridinol with (7R)-configuration is completely inactive as a substrate for the acetyltransferase (SALAT) and therefore does not serve as a precursor for thebaine, neither in vivo nor in vitro in poppy.
Thebaine is a toxic compound with no application per se in medicine. This compound is, however, an important product for the hemisynthesis of widely used analgesic medications (e.g. oxycodone) and antitussiva (e.g. hydrocodone). The formation of thebaine, an obligatory precursor of morphine, depends seemingly on the small pH difference in the cytosol or latex of poppy cells or milk ducts between pH 7.5-8.5 [ Figure 2 ] or in specific organelles of poppy cells.
The goal of this study was to reinvestigate this situation. The assumption was based on the possible occurrence of special vesicles in either the cytosol or latex of the poppy cells which could have slightly alkaline pH content, thus allowing the spontaneous reaction to yield thebaine from salutaridinol-7-Oacetate. Such vesicles having an alkaline pH have been found previously to serve in alkaloid biosynthesis [4] [5] [6] . Vesicles have been seen in P. somniferum, which could be isolated [6, 7] and measured for their pH value after lysis. Their vacuole content, however, did not show an alkaline pH, but rather a pH of approximately 7±0.3. None of these vesicle fractions yielded thebaine after incubation with [7- 3 H]-salutaridinol-7-O-acetate. These findings prompted a search for the target enzyme activity converting [7- 3 H]-salutaridinol in the presence of acetyl coenzyme A to thebaine at pH 7.0. The crude enzyme used was a medium spin supernatant from poppy capsule latex serum from which low molecular weight compounds were removed through a PD-10 desalting column. The protein fraction was incubated at pH 7.0 in the presence of labeled salutaridinol and acetyl coenzyme A. The presence of a saturating salutaridinol-7-O-acetyltransferase concentration is known in the poppy latex serum [3] . After an incubation time of 20 minutes, TLC separation of the reaction mixture showed that 54% of the [7- 3 H]-salutaridinol was converted at pH 7.0 to thebaine, 20% to the azonine derivative, 15% to unknown material at the starting front, 9% was unreacted salutaridinol and 2% was converted to salutaridinol-7-O-acetate [ Figure 3 ]. Previously [3] , research had never shown substantial amounts of thebaine formed at pH 7.0. However, the previous work was performed using complete latex serum, which was not freed of possibly interfering low molecular weight compounds. Next, latex from mature capsules, harvested as before [3] , was subjected to ammonium sulfate fractionation. The 0-50% ammonium sulfate cut was discarded and the second precipitate (50-80%) contained the desired enzyme (60% total activity), catalyzing the formation of thebaine from salutaridinol-7-O-acetate. This new enzyme was called thebaine synthase. The enzyme-containing fraction was desalted and applied to a DEAESephacel column. The effluent contained the SALAT enzyme, while the thebaine synthase was retained on the column. This matrix bound enzyme was eluted by a step gradient (0-0.5 M KCl).
The protein was released by 0.1 M KCl. Fifty percent of the enzymatically inactive protein was separated, but only 20% of the original thebaine synthase activity was recovered. The enzyme was further applied to a Bio-Scale Q2 column and eluted with 1 M KCl. The enzyme activity was eluted by 0.15 M KCl. Inactive protein was separated (71%), but the loss of enzyme activity (thebaine synthase) was 64% during the forgoing step. The desalted protein solution was furthermore applied to a HiTrap chelating column (Zn ++ ). The enzyme was eluted with a step gradient containing first 0.1 M and than 0.2 M glycine in phosphate buffer (pH 7.0) and 200 mM NaCl. The elution profile is shown in Figure 4 . Again, 90% inactive protein was separated, but the loss of enzyme activity was 65%. A final yield of 0.58 mg protein (450 pkat) was obtained.
Attempted electrophoresis of this enzyme preparation under varying non-denaturating conditions in polyacrylamide or agarose slab-gels was unsuccessful in obtaining distinctive protein bands, but rather resulted in smears. The enzyme could not be located by incubating gel slices for enzymatic activities under standard conditions.
As judged by SDS-PAGE gel electrophoresis the enzyme was still contaminated with at least two major proteins, so that an estimation of the molecular weight of the thebaine synthase was not yet possible. The pool of the prepurified thebaine synthase was used to characterize roughly this enzyme. The temperature optimum for the enzyme activity was determined to be 37°C, the pH optimum at pH 7.5 [ Figure 5 ], and the K m for salutaridinol-7-O-acetate as the substrate was 250 µM. This K m value is relatively high. However, in another isoquinoline alkaloid synthesizing plant system, a similarly high K m value of 380 µM for one of the key enzymes, coclaurine N-methyltransferase, has been found in the purified enzyme (from Coptis japonica cells) [8] , as well as in the same recombinant enzyme [9] . We cannot give any explanation at this point whether this is either a rate-limiting step or whether this reaction controls the metabolic flux in the poppy plant.
Mass spectral analysis was performed to identify the product of the enzymatically catalyzed reaction. The EI mass spectrum of the reaction product was almost superimposable with an authentic spectrum of thebaine, with prominent fragment peaks at m/z (relative intensity): 311 (100), 296 (20), 255 (47), 174 (32), and 152 (26). It should be noted that a considerable amount of the thebaine synthase is bound to the capsule cell walls, which were washed free of latex, and could not be released by suspension of the cell debris in different buffers. This amount of cell wall bound enzyme is about 10 fold more than could be obtained in soluble form from the poppy latex residing inside the same capsule
The thebaine synthase was detected and partially enriched from vesicle free serum of poppy latex. This enzyme catalyzes the transformation of salutaridinol-7-O-acetate to thebaine with acetate acting as a leaving group and making the allylic elimination possible by closing the ether bridge between C4 and C5 to yield the pentacyclic alkaloid thebaine. This reaction is catalyzed in the poppy morphine pathway by the new enzyme, named thebaine synthase [ Figure  6 ].
The possibility that a slightly alkaline external pH value (pH 8-10) is necessary for the formation of the phenolate anion that initiates the S N 2' reaction supported by the acetate leaving group to yield thebaine spontaneously and non-enzymatically from salutaridinol-7-O-acetate must be abandoned [3] . We now know that this mechanism is not spontaneous, but rather catalyzed by thebaine synthase in the poppy plant. So far, only one single step in the poppy morphine biosynthetic pathway is spontaneous and not enzyme catalyzed and that is the formation of codeinone from neopinone [1, 10, 11] .
Experimental
Biological material: Plants of P. somniferum strain "Munich" were grown outdoors. The capsules were harvested 2-3 days after flowering. Capsules were longitudinally incised and the subsequently released latex was collected. The latex was immediately diluted 1:1 with ice cold collecting buffer (100 mM phosphate buffer pH 7.2, 20 mM sodium ascorbate, 500 mM D-mannitol) [12] . The diluted latex was centrifuged first at 1000 x g for 30 min and a second time at 10.000 x g for 20 min. In each case the sediment was discarded and the final supernatant was used as the enzyme source, called latex serum.
Latex vesicles were prepared as published [7] .
After removal of latex, capsule tissue was macerated and washed extensively in collecting buffer. The cell debris was subsequently washed thoroughly several times in 100 mM phosphate buffer pH 7.0 containing 10 mM β-mercaptoethanol and was used as the bound enzyme source.
Desalting of latex serum was achieved by passing the protein preparations through PD-10 desalting columns (GE Healthcare).
Chemicals:
Salutaridinol, H]-salutaridinol (specific activity 1 Ci/mol), [7- 3 H]-salutaridinol-7-Oacetate (specific activity 1 Ci/mol) and its unlabeled congener were synthesized according to [3] . Acetyl coenzyme A was from Roche and thebaine was a gift from Sanofi, Munich.
Separation methods: DEAE-Sephacel and HiTrap chelating columns for affinity chromatography were obtained from GE Healthcare, and Bio-Scale Q2 was purchased from Bio-Rad. TLC was performed on Silicagel G plates (Macherey-Nagel) in the solvent system chloroform:acetone:diethylamine (5:4:1). SDS-PAGE gel electrophoresis was undertaken according to [13] .
Enzyme assay: The standard enzyme assay consisted of 12 nmol [7- 3 H]-salutaridinol-7-O-acetate (24.000 cpm, 1 Ci/mol), 0.22 M potassium phosphate buffer pH 7.0 and enzyme solution in a total volume of 36 µL. Product formation was linear with only slight degradation of the labile substrate at 37°C and between 5 and 15 min of incubation time. After 8 min of incubation, 30 µL of standard assay was loaded onto a Polygram Sil G/UV 254 plate (Macherey-Nagel, 0.25 mm silica gel with fluorescent indicator UV 254 ). TLC was performed using chloroform: acetone: diethylamine, 5:4:1. Detection was achieved by scanning the TLC plates with an automatic TLCLinear Analyzer (Tracemaster 20, Berthold).
Mass spectrometry: Analyses were carried out on a Finnigan MAT quadrupole SSQ 700 mass spectrometer. The MS source was set at 140°C and the electron energy at 70eV. Mass spectra were recorded both in the chemical ionization (CI) mode using ammonia as reactant gas and in the electron ionization (EI) mode. Alkaloid samples were introduced directly into the mass spectrometer with a solid probe holder and evaporated in the ion source by applying a temperature program (70°C for 0.5 min, 100-400°C at 70°C/min). Alkaloids were detected at a probe temperature between 200 and 350°C.
